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Introduction {#sec001}
============

Viruses and viral diseases have become one of the unsolved problems in modern aquaculture (since there are no effective preventive measures available to control them) resulting in major economic loses. Amongst the most threatening viruses is nervous necrosis virus (NNV; *Nodaviridae* family, *Betanodavirus* genus), causative agent of the viral encephalopathy and retinopathy (VER), a disease that alters the brain and retina structure and function \[[@pone.0145131.ref001]\] and provokes mortality rates up to 100% in more than 50 fish species \[[@pone.0145131.ref001], [@pone.0145131.ref002]\]. NNV is a small, naked icosahedral virus, composed of 2 positive single stranded RNA fragments, RNA1 and RNA2, which are capped but not polyadenylated \[[@pone.0145131.ref003]\]. The capsid is composed of multiple units of a single protein, the coat protein (CP) \[[@pone.0145131.ref004]\] coded by the RNA2 \[[@pone.0145131.ref003], [@pone.0145131.ref005]\] and involved in host specificity. It has been recently described that each units of the capsid protein (CP) shows three major domains: the N-terminal arm, the shell domain (S-domain) and the protrusion domain (P-domain) formed by three-fold trimeric protrusions with hypervariable surface regions that contribute to host binding and specificity \[[@pone.0145131.ref006]\]. The RNA1 encodes the viral RNA-dependent RNA polymerase (RdRp). In addition, a sub-genomic RNA transcript, called RNA3, is originated from the 3' terminus of the RNA1. The RNA3 of betanodavirus has been considered to have a single open reading frame encoding for protein B2 \[[@pone.0145131.ref007]\]. B2 is important for high-level accumulation of viral RNA1 in the cell and could efficiently antagonize host siRNA silencing \[[@pone.0145131.ref007]--[@pone.0145131.ref009]\]. Interestingly, B2 is only detected when the virus is actively replicating, but not in persistent infections \[[@pone.0145131.ref010]\].

Moreover, in the Mediterranean aquaculture, European sea bass (*Dicentrarchus labrax*) is one of the most susceptible species, especially at larvae and juvenile stages, resulting in 100% mortalities at these stages \[[@pone.0145131.ref011], [@pone.0145131.ref012]\]. On the other hand, gilthead seabream (*Sparus aurata*) is less susceptible species than European sea bass and a carrier of the infection for most of the NNV strains \[[@pone.0145131.ref013]\]. However, this species suffered mortalities when infected with some NNV reassortant strains \[[@pone.0145131.ref014]\].

Several studies about the transmission mechanisms of the virus point to both horizontal and vertical transmission routes \[[@pone.0145131.ref015]--[@pone.0145131.ref019]\]. Thus, although adult specimens do not suffer the disease, NNV has been detected in broodstocks of different fish species by PCR and ELISA techniques \[[@pone.0145131.ref001], [@pone.0145131.ref020]\]. The infection of the gonad by pathogens is the initial step to promote horizontal transmission through gonadal fluids and/or vertical transmission through infected gametes \[[@pone.0145131.ref019], [@pone.0145131.ref021]\]. In all vertebrates, the gonad is considered an immunologically privileged site, as also the brain and retina, due to the fact that in those tissues, the immune response proceeds in a different manner in order to avoid cell damage \[[@pone.0145131.ref022], [@pone.0145131.ref023]\]. These physiological characteristics of the gonad are used by a certain number of viral pathogens to evade the immune system, replicate and be transmitted to other specimens. In fish, the immune functions inside the reproductive organs and its implication on pathogen dissemination through the gonad have recently been documented. In rainbow trout (*Oncorhynchus mykiss*), viral haemorrhagic septicaemia virus (VHSV), a *Rhabdovirus*, and infectious pancreatic necrosis virus (IPNV), an *Aquabirnavirus*, can be transmitted through the ovary in two different ways. In fact, some studies have detected infective particles of VHSV in the ovary and ovarian fluids, allowing horizontal and/or vertical transmission through fluids \[[@pone.0145131.ref024]\], while infective particles of IPNV has only been detected in homogenates of oocytes, being transmitted in a *sensu stricto* vertical way \[[@pone.0145131.ref025]\]. Interestingly, once they reach the ovary, their replication cycles are completely different. While VHSV is able to actively transcribe and translate its genes and increase the virus load in the tissue, the mRNA levels of IPNV remain undetectable, but infective particles of the virus can be isolated from the ovary by cell culture \[[@pone.0145131.ref026]\]. In addition, trout leucocytes present into the gonads showed altered immune response (including leucocyte markers, antigen presentation, interferon response, chemokines or cytokines) allowing VHSV to cause chronic infections and IPNV to keep latent into the tissue \[[@pone.0145131.ref026]\]. Strikingly, there are no studies focused on NNV and its ability to colonize the gonad, even when NNV has demonstrated vertical transmission \[[@pone.0145131.ref015]\]. In the other hand, sex steroid hormones, regulated by the brain-pituitary-gonadal axis \[[@pone.0145131.ref027], [@pone.0145131.ref028]\] modulate the immune response in vertebrates; including fish (see reviews \[[@pone.0145131.ref029], [@pone.0145131.ref030]\]). As a consequence, some pathogens modify the sex steroid hormone levels of the host when they spread an infection \[[@pone.0145131.ref031], [@pone.0145131.ref032]\].

Taking all this into consideration, in this work we have studied whether NNV colonized the testis in European sea bass and gilthead seabream, a very susceptible and asymptomatic host fish species, respectively. Moreover, we will analyse how the immune response and the production of reproductive hormones, 17β-estradiol (E~2~) and 11-ketotestosterone (11KT) in the testis are modified upon NNV infection. In addition, we determined whether the sensitivity of brain and testis to these reproductive hormones are modified by NNV infection. Furthermore and with the aim to elucidate which of the alterations observed in the testis might be due to NNV localization in this tissue with no interference of other systemic factors or tissue alterations, an *in vitro* challenge of the testis of both species with poly I:C or NNV was performed for 24 hours.

Materials and Methods {#sec002}
=====================

Animals {#sec003}
-------

Healthy specimens of European sea bass (*Dicentrarchus labrax* L.) and gilthead seabream (*Sparus aurata* L.) were bred and kept at the *Centro Oceanográfico de Murcia* (IEO, Mazarrón, Murcia). The European sea bass larvae were bred at warm water temperature (around 20°C) obtaining a high proportion of males in the population \[[@pone.0145131.ref033]\]. The fish from juveniles to adults were kept in 14 m^3^ tanks with the natural water temperature, a flow-through circuit, a suitable aeration and filtration system and a natural photoperiod. Fish were fed daily with 1% biomass of a commercial pellet diet (Skretting). The environmental parameters and food intake were recorded daily. Specimens of European sea bass (n = 50) or gilthead seabream (n = 50) of the same age with a mean body weight (bw) of 125 ± 25 and 305 ± 77 g respectively, were transported to the University of Murcia (Spain) aquaria in order to perform *in vivo* infections (see below). Fish were randomly divided into two tanks, kept in 450--500 L running seawater (28 ‰ salinity) aquaria at 25°C and with a 12 h light: 12 h dark photoperiod and acclimatised for 15 days prior to the experiments. Some other specimens with a bw of 509 ± 38 g and 530 ± 148 g, respectively, were used for *in vitro* experiments (see below). Before sampling, all specimens were anesthetized with 40 μl/l of clove oil, completely bled and immediately decapitated and weighed. The experiments described comply with the Guidelines of the European Union Council (2010/63/UE). The protocol was approved by the Committee on the Ethics of Animal Experiments of the *Instituto Español de Oceanografía* (IEO) (Permit Number: 2010/02) and of the University of Murcia (Permit Number: A13150104).

Nodavirus stock {#sec004}
---------------

NNV (strain 411/96, genotype RGNNV) was propagated in the SSN-1 \[[@pone.0145131.ref012]\]. The SSN-1 cells were grown at 25°C in Leibovitz\'s L15-medium (Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco), 2 mM L-glutamine (Gibco), 100 IU/ml penicillin (Gibco), 100 μg/ml streptomycin (Gibco) and 50 μg/ml gentamicin (Gibco) using Falcon Primaria cell culture flasks (Becton Dickinson). Inoculated cells were incubated at 25°C until the cytopathic effect (CPE) was extensive. Supernatants were harvested and centrifuged to eliminate cell debris. Virus stock was titrated in 96-well plates and expressed as the viral dilution infecting 50% of the cell cultures (TCID~50~), following the methodology described by Reed and Müench \[[@pone.0145131.ref034]\], before use in the experiments.

Testis culture and in vitro treatments {#sec005}
--------------------------------------

Specimens of European sea bass (n = 6) or gilthead seabream (n = 6) males were completely bled and the testis removed without taking the afferent and efferent blood vessels that are located in the mesentery (dorsally) connecting the testis to the body wall. The testis were weighed and chopped in 1 mm^2^ fragments to culture them in flat-bottomed 96-well microtiter plates (Nunc) with sL-15 culture medium \[Leibovitz's L15-medium supplemented with 2 mM glutamine, 100 u.i./ml penicillin, 100 μg/ml streptomycin, 2 μg/ml fungizone (Life Technologies), 2% FBS serum and 0.35% of NaCl\] alone (control) or with NNV (10^7^ TCID~50~/ml) or polyinosinic-polycytidylic acid (poly I:C; a synthetic analog of double-stranded RNA poly I:C) (62.5 μg/ml; Sigma) for 24 hours at 25°C. After incubation, fragments of tissue were washed with 0.01 M phosphate buffered saline (PBS) and processed for gene analysis as described below.

In vivo infection {#sec006}
-----------------

The infection was performed either by injecting with a single intramuscular injection of 100 μl of SSN-1 culture medium (mock-infected) or with culture medium containing 10^6^ TCID~50~/fish of NNV since this route of infection has been proven to be the most effective \[[@pone.0145131.ref035]\]. Mortality was also recorded through the experiment. Fish (n = 5 fish/group and time) were sampled 1, 7 or 15 days after the viral infection and serum, testis and brain were removed. Testis were sampled without taking the afferent and efferent blood vessels that are located in the mesentery (dorsally) connecting the testis to the body wall. Blood samples were obtained from the caudal peduncle and, after clotting; serum samples were collected by centrifugation at 10,000 g for 1 min at 4°C, and immediately frozen and stored at -80°C until use. The testis were weighed and fragments of testis and brain tissues were either immediately frozen in TRIzol Reagent (Life Technologies) and stored at -80°C for later RNA isolation or fixed in 4% paraformaldehyde in PBS for 24 h at 4°C for light microscopy examination as described below.

Light microscopy and immunocytochemistry {#sec007}
----------------------------------------

Testis fragments from the *in vivo* experiment (n = 4--5 fish/group and time) fixed in 4% paraformaldehyde in PBS for 24 h at 4°C were embedded in paraffin (Paraplast Plus; Sherwood Medical) and sectioned at 5 μm. After dewaxing and rehydration, some sections were stained with haematoxylin--eosin in order to determine the changes in the morphology of the organs through the infection. Other sections were subjected to a direct immmunocytochemical method using two antibodies specific to: (i) the NNV capsid protein (anti-CP, Ø233 antibody) or (ii) the NNV B2 protein (anti-B2, Ø6073 antibody) at the optimal dilution of 1:500 as previously described \[[@pone.0145131.ref010]\]. In brief, the sections were incubated at 60°C for 30 min, dewaxed in xylene, rehydrated in a series of ethanol baths and washed in running water. Prior to staining the tissue sections were autoclaved for 15 min in 0.01 mM citric acid (pH 6.0) for antigen retrieval. To prevent non-specific antibody binding, sections were blocked by using 5% bovine serum albumin (BSA; Sigma) in Tris buffered saline (TBS; Merck, 0,05 M, pH 7.6) for 20 min. The primary anti-B2 (Ø6073 antibody) or anti-capsid (Ø233 antibody) sera were diluted in TBS containing 2.5% BSA and incubated for 30 min at 37°C, and washed for 5 min with TBS. The Vectostain^®^ universal ABC-AP kit (Vector Laboratories), which provides both the secondary antibody (biotinylated anti-mouse/rabbit immunoglobulin) and avidin-biotin alkaline phosphatase (ABC-AP) was used. After TBS wash, the sections were incubated for 5 min with DAKO Fuchsin Substrate- and Cromogen system (Dako), followed by washing in running tap water before counterstaining with Shandon's haematoxylin and mounting in aqueous mounting medium (Aquatex, BDH laboratory). The specificity of the reaction was determined by using sections of tissue from control fish and by omitting the primary antibody on section of tissue from infected fish.

Localization of gene expression by in situ PCR {#sec008}
----------------------------------------------

Testis sections were used to perform *in situ* PCR (isPCR) analysis using a modified protocol previously described \[[@pone.0145131.ref036]\]. Sections were dewaxed in xylene for 5 min, dried in 100% ethanol, and air-dried for 5 min. Protease digestion was performed with 2 mg/ml of proteinase K (Invitrogen) for 5 min at room temperature and washed in DEPC--treated water for 1 min. After that, sections were dried with 100% ethanol and air-dried for 1 minute. The sections were treated with DNAse I (300 u/ml; Biotools) for 20 min at room temperature to remove any genomic DNA traces that might interfere with the PCR reactions, washed in DEPC-treated water for 1 min, dried with 100% ethanol, and air-dried for 1 minute. Retrotranscription and amplification reactions were performed using the primers for the gene coding for CP ([Table 1](#pone.0145131.t001){ref-type="table"}) and with MyTaq One-Step RT-PCR kit (Bioline) following the manufacturer's instructions. All sections were incubated with a total volume of 50 μl of 2% BSA, 50 mM MgCl~2~, 1 mM digoxigenin-11-dUTP alkali-stable buffer 5x, 10 u/μl Ribosafe RNAse inhibitor and 5 μl of Reverse Transcriptase for 20 min at 45°C and 1 min at 95°C. Amplification was carried out by running, 25 cycles for 10 s at 95°C, 10 s at 60°C and 30 s at 72°C; and a final step of 10 min at 72°C. Afterwards, all sections were washed with 2% BSA in 1x SSC \[15 mM sodium citrate dihydrate and 0.15 M NaCl\] during 10 min at 52°C. The digoxigenin-11-dUTP incorporated in the PCR products was detected by means of a direct immuncytochemistry method using a specific antiserum anti-digoxigenin-HPR (Roche) in 0.1 M Tri-HCl with 0.1 M NaCl at the optimal dilution of 1:100 for 60 min at room temperature. The peroxidase activity was revealed by incubation with 0.05% 3,3'-diaminobenzidine tetrahydrochloride (DAB) in 0.01 M Tris-HCl with 0.1 M NaCl and 0.05% H~2~O~2~ at room temperature for 5 min. Tissue from non-infected fish was used as negative controls. In order to determine the ability of the amplified products to diffuse into the aqueous phase, liquid phase was collected after performing the *in situ* RT-PCR reactions, run in 1% agarose gel for electrophoresis (Bioline) with 0.5 μg/ml of ethidium bromide (Sigma) and visualized under UV light.
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###### Information about the studied genes, primer sequences and application used in this work.

![](pone.0145131.t001){#pone.0145131.t001g}

                      Protein                                               RNA molecule or gene abbreviation   Accession number   Sequence (5'-3')   Tm                              Use    Tissue                               
  ------------------- ----------------------------------------------------- ----------------------------------- ------------------ ------------------ ------------------------------- ------ ------------------------------------ ---------------
  NNV                 Capsid protein                                        *cp*                                D38636             F                  AAATTGCACACCACCTGTGA            60°C   TaqMan real-time PCR                 Testis
                                                                                                                                   R                  ACCCAGAATGGAATGTCAGC                                                        
                                                                                                                                   Probe              6FAM-ACTGCACGTGTGGTCCAGTA-MGB                                               
                                                                                                                                   F                  CGTGTCAGTCATGTGTCGCT            60°C   SYBR real-time PCR / *in situ* PCR   Testis / E-11
                                                                                                                                   R                  CGAGTCAACACGGGTGAAGA                                                        
                                                                                                                                   F2                 CGTGTCAGTCATGTGTCGCT            58°C   Conventional PCR                     Brain
                                                                                                                                   R3                 CGAGTCAACACGGGTGAAGA                                                        
                      RNA-dependent RNA polymerase                          *rdrp*                              AF319555           F                  GAGGGTGCGATTGCTATTGT            60°C   TaqMan real-time PCR                 Testis
                                                                                                                                   R                  ACTGGCACCCAATTAAGCAC                                                        
                                                                                                                                   Probe              6FAM-CGCTTGAAGGCCTATACACG-MGB                                               
  Gilthead seabream   Tumor necrosis factor alpha                           *tnfa*                              AJ413189           F                  TCGTTCAGAGTCTCCTGCAG            60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  TCGCGCTACTCAGAGTCCATG                                                       
                      Interleukin 6                                         *il6*                               AM749958           F                  AGGCAGGAGTTTGAAGCTGA            60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  ATGCTGAAGTTGGTGGAAGG                                                        
                      Interleukin 1 beta                                    *il1b*                              AJ277166           F                  GGGCTGAACAACAGCACTCTC           60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  TTAACACTCTCCACCCTCCA                                                        
                      T cell receptor beta chain                            *tcrb*                              AM261210           F                  AAGTGCATTGCCAGCTTCTT            60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  TTGGCGGTCTGACTTCTCTT                                                        
                      Immunoglobulin M heavy chain                          *igmh*                              AM493677           F                  CAGCCTCGAGAAGTGGAAAC            60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  GAGGTTGACCAGGTTGGTGT                                                        
                      Double sex-and mab3- related transcription factor 1   *dmrt1*                             AM493678           F                  GATGGACAATCCCTGACACC            60°C   SYBR real-time PCR                   Testis
                                                                                                                                   R                  GGGTAGCGTGAAGGTTGGTA                                                        
                      Gonadal aromatase                                     *cyp19a1a*                          AF399824           F                  CACCATGGATCTGATCTCTGCCTGT       60°C   SYBR real-time PCR                   Testis
                                                                                                                                   R                  GAGCGTTTGCCAGCTGCCTC                                                        
                      Steroid 11-β-hydroxylase                              *cyp11b1*                           FP332145           F                  GCTATCTTTGGACCCCATCA            60°C   SYBR real-time PCR                   Testis
                                                                                                                                   R                  CTTGACTGTGCCTTTCAGCA                                                        
                      Estrogen receptor α                                   *era*                               AF136979           F                  GCTTGCCGTCTTAGGAAGTG            60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  TGCTGCTGATGTGTTTCCTC                                                        
                      Estrogen receptor β1                                  *erb1*                              AF136980           F                  CAGCTCCAGAAGGTGGACTC            58°C   PCR                                  Testis Brain
                                                                                                                                   R                  GGATTGGCATAGCTGAAAT                                                         
                      Estrogen receptor β2                                  *erb2*                              AJ580050           F                  TGATGATGTCACTCACCAACC           58°C   PCR                                  Testis Brain
                                                                                                                                   R                  TTCAGCTCACGAAACCGA                                                          
                      Elongation factor 1α                                  *ef1a*                              AF184170           F                  CTGTCAAGGAAATCCGTCGT            60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  TGACCTGAGCGTTGAAGTTG                                                        
                      β-Actin                                               *actb*                              X89920             F                  ATCGTGGGGCGCCCCAGGCACC          55°C   PCR                                  Testis Brain
                                                                                                                                   R                  CTCCTTAATGTCACGCACGATTTC                                                    
  European sea bass   Tumor necrosis factor alpha                           *tnfa*                              DQ200910           F                  CGAGGGCAAGACTTTCTTTG            60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  GCACTGCCTGTTCAGCTACA                                                        
                      Interleukin 6                                         *il6*                               AM490062           F                  ACTTCCAAAACATGCCCTGA            60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  CCGCTGGTCAGTCTAAGGAG                                                        
                      Interleukin 1 beta                                    *il1b*                              AJ269472           F                  CAGGACTCCGGTTTGAACAT            60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  GTCCATTCAAAAGGGGACAA                                                        
                      T cell receptor beta chain                            *tcrb*                              FN687461           F                  GACGGACGAAGCTGCCCA              60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  TGGCAGCCTGTGTGATCTTCA                                                       
                      Immunoglobulin M heavy chain                          *igmh*                              FN908858           F                  AGGACAGGACTGCTGCTGTT            60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  CACCTGCTGTCTGCTGTTGT                                                        
                      Gonadal aromatase                                     *cyp19a1*                           AJ298290AJ311177   F                  CTGGAGCCACACAGACAAGA            60°C   SYBR real-time PCR                   Testis
                                                                                                                                   R                  AACTGAGGCCCTGCTGAGTA                                                        
                      Neural aromatase                                      *cyp19a2*                           AY138522           F                  CATGTTCTGAGGAGCGTTCA            60°C   SYBR real-time PCR                   Testis
                                                                                                                                   R                  AAGGGAGTCCACATGTCCTG                                                        
                      Steroid 11-β-hydroxylase                              *cyp11b1*                           AF449173           F                  CCCATCTACAGGGAGCATGT            60°C   SYBR real-time PCR                   Testis
                                                                                                                                   R                  GGAAGACTCCTTTGCTGTGC                                                        
                      Estrogen receptor β1                                  *erb1*                              AJ489523           F                  GGGTGAGAGAGCTCAAGCTC            60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  AAGCTAAGGCCGGTTTTGGC                                                        
                      Estrogen receptor β2                                  *erb2*                              AJ489524           F                  AGTGGGCATGATGAAGTGCG            60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  TGCACGTGGTTCACCTGAGG                                                        
                      Elongation factor 1α                                  *ef1a*                              FM019753           F                  CGTTGGCTTCAACATCAAGA            60°C   SYBR real-time PCR                   Testis Brain
                                                                                                                                   R                  GAAGTTGTCTGCTCCCTTGG                                                        
                      β-Actin                                               *actb*                              AJ493428           F                  ATCGTGGGGCGCCCCAGGCACC          55°C   PCR                                  Brain
                                                                                                                                   R                  CTCCTTAATGTCACGCACGATTTC                                                    

Isolation of NNV infective particles from the testis {#sec009}
----------------------------------------------------

After 15 days of infection, testis fragments from mock- or NNV-infected fish were homogenized in 1 ml of 0.01 M PBS. E-11 cells \[[@pone.0145131.ref037]\], derived from the SSN-1, cultured in L-15 culture medium supplemented with antibiotics and 2% FBS were inoculated with the testis samples and incubated at 25°C. Infected monolayers were examined daily for the presence of cytopathic effect (CPE). Those cultures showing CPE were further processed to isolate the total RNA and confirm the identity of NNV by real-time PCR as described below.

cDNA synthesis {#sec010}
--------------

Total RNA was extracted from testis and brain fragments from both, the *in vivo* (n = 4--5 fish/group and time) and the *in vitro* (n = 6 fish/group) experiments, with TRIzol Reagent (Life Technologies) following the manufacturer's instructions, and quantified with a spectrophotometer (Cecil Instruments Ltd). In the cell culture experiments total RNA was extracted using RNeasy Mini kit (Qiagen) following the manufacturer´s instructions.

Isolated RNA was DNase I treated (amplification grade, 1 unit/μg RNA, Life Technologies) and the SuperScript III RNase H−Reverse Transcriptase (Life Technologies) was used to synthesize first strand cDNA with 1 μl of random primers (0.25 μg/μl; Life Technologies) from 1 μg of total RNA, at 50°C for 60 min.

Confirmation of NNV gene expression {#sec011}
-----------------------------------

With the aim of determining the levels of transcription of RNA-dependent RNA polymerase (*rdrp*) and capsid protein (*cp*) genes of NNV in the testis and brain of *in vivo* infected gilthead seabream and European sea bass specimens, real-time PCR with TaqMan probe was performed with an ABI PRISM 7500 instrument (Applied Biosystems) using TaqMan® Gene Expression Master Mix (Applied Biosystems). The primers and TaqMan fluorogenic probes are detailed in [Table 1](#pone.0145131.t001){ref-type="table"}. Reaction mixtures were incubated for 2 min at 50°C and subsequently 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, 1 min at 60°C, and finally 15 s at 95°C, 1 min 60°C and 15 s at 95°C to finish the reaction. To confirm the results, conventional PCR using the standard F2 and R3 primers for NNV T4 region was also applied to brain of mock-infected and NNV infected sea bass specimens as described elsewhere \[[@pone.0145131.ref038]\].

In order to identify the presence of NNV in the E-11 cell line inoculated with testis homogenates from control and *in vivo* infected fish at day 15 post-infection, real-time PCR reactions were carried out in a final volume of 50 μl, containing 200 nM of each primer coding for the *cp* gene of NNV ([Table 1](#pone.0145131.t001){ref-type="table"}), as previously described \[[@pone.0145131.ref039]\], and 2 μl of cDNA template in iQ™ SYBR® Green Supermix (Bio-Rad). Following an initial 15 min denaturation/activation step at 95°C, the mixture was subjected to 45 cycles of amplification (denaturation for 15 s at 95°C, annealing and extension for 15 s at 60°C) in a CFX96™ Real-time PCR detection system (BioRad).

Evaluation of immune- and reproductive-related genes expression {#sec012}
---------------------------------------------------------------

The gilthead seabream and European sea bass genes coding for: (i) pro-inflammatory cytokines such as the tumor necrosis factor alpha (*tnfa*) and the interleukin 6 (*il6*) and 1 beta (*il1b*); (ii) specific cellular immune response markers as the beta chain of the T cell receptor (*tcrb*) and the heavy chain of the immunoglobulin M (*igmh*); (iii) the sex specific gene double sex-and mab3-related transcription factor 1 (*dmrt1*); (iv) esteroidogenic enzymes such as gonadal aromatase (*cyp19a1a* of gilthead seabream or *cyp19a1* of European sea bass), neural aromatase (*cyp19a2*) and steroid 11-β-hydroxylase (*cyp11b1*); and (v) the estrogen receptors as the estrogen receptor α (*era*) of gilthead seabream, and the European sea bass estrogen receptor β1 (*erb1*) and β2 (*erb2*) were analysed in the testis and brain by real-time PCR using an ABI PRISM 7500 instrument and SYBR® Green PCR Core Reagents (Applied Biosystems) as previously described \[[@pone.0145131.ref026]\]. The specific primers are shown in [Table 1](#pone.0145131.t001){ref-type="table"}. For each sample, gene expression was normalised by its *ef1a* content presented as 2^-ΔCt^, where ΔCt is determined by subtracting the elongation factor 1 alpha (*ef1a*) Ct value from the target Ct. Before the experiments, the specificity of each primer pair was studied using positive and negative samples. A melting curve analysis of the amplified products validated the primer for specificity. Negative controls with no template were always included in the reactions.

The *erb1* and *erb2* genes of gilthead seabream were analysed by semi-quantitative PCR performed with a Flexcycler (Analitikjena). Reaction mixtures were incubated for 2 min at 94°C, followed by 35 cycles of 45 s at 94°C, 45 s at the specific annealing temperature for each gene (see [Table 1](#pone.0145131.t001){ref-type="table"}), 1 min at 72°C, and finally 10 min at 72°C. For visualizing and comparing the groups, the PCR products were run on a 2% agarose gel. As internal control, the expression of β-actin coding gene (*actb*) was used.

Serum sex hormone levels {#sec013}
------------------------

Serum levels of 17β-estradiol (E~2~) and 11-ketotestosterone (11KT) were quantified by ELISA following the method previously described in European sea bass \[[@pone.0145131.ref040]\] and adapted to gilthead seabream \[[@pone.0145131.ref041]\]. Steroids were extracted from 10 or 20 μl individual serum (n = 5 fish/group and time) from sea bass or seabream, respectively, in 1.3 ml of methanol (Panreac). Then, methanol was evaporated at 37°C and the steroids were resuspended in 400 μl of reaction buffer \[0.1 M phosphate buffer with 1 mM EDTA (Sigma), 0.4 M NaCl (Sigma), 1.5 mM NaN~3~ (Sigma) and 0.1% BSA\]. 50 μl of extracted sample (1.25 or 2.5 μl of serum per reaction, respectively) were used for each ELISA reaction. The standard, mouse anti-rabbit IgG monoclonal antibody (mAb), and specific anti-steroid antibodies and enzymatic tracers (steroid acetylcholinesterase conjugates) were obtained from Cayman Chemical while the microtiter plates (MaxiSorp) were purchased from Nunc. A standard curve from 6.13 x 10^−4^ to 5 ng/ml (0.03--250 pg/well), a blank and a non-specific binding control (negative control) was established in all the assays. Standards and extracted serum samples were run in duplicate. The lower limit of detection for European sea bass assays was 24.41 pg/ml and for gilthead seabream assays was 12.21 pg/ml. The intra-assay coefficients of variation (calculated from sample duplicates) were 9.3 ± 4.3% for E~2~ and 9.1 ± 3.8% for 11KT assays for serum. Details on cross-reactivity for specific antibodies were provided by the supplier (0.01% of anti-11KT reacts with T; and 0.1% of anti-E~2~ reacts with T; no cross-reaction between 11KT and E~2~ was described).

Calculations and statistical analysis {#sec014}
-------------------------------------

The gonads were weighed and the gonadosomatic index (GSI) was calculated as an index of the reproductive stage \[100\*(MG/MB) (%)\], where MG is gonad mass (in grams), and MB is body mass (in grams).

All slides were examined with a Nikon eclipse E600 light microscope. The images were obtained with an Olympus SC30 digital camera (Olympus soft imaging solutions GMBH) and Spot 3.3 software (Diagnostic instruments).

The genetic nomenclature used in this manuscript follows the guidelines of Zebrafish Nomenclature Committee (ZNC) for fish genes and proteins and the HUGO Gene Nomenclature committee for mammalian genes and proteins.

The quantification of gilthead seabream *erb1* and *erb2* gene expression was determined by means of 2% agarose gel densitometrically scanned using an image analysis using the Gel Logic 100 Imaging System (Kodac) and ImageJ 1.44p software (National Institute of Health). The data are showed as the mean value ± standard error to the mean (SEM) of the gene expression relative to *actb* gene expression.

All data were analysed by t-Student test to determine statistical differences between infected and control groups, or one-way ANOVA to denote statistical differences at different points in the infected group (P ≤ 0.05). A non-parametric Kruskal--Wallis test, followed by a multiple comparison test, was used when data did not meet parametric assumptions. Statistical analyses were conducted using SPPS 15.0 application. All data are presented as mean ± SEM. Minimum level of significance was fixed in 0.1 (\*P ≤ 0.1; \*\*P ≤ 0.05; \*\*\*P ≤ 0.01). Letters denote statistical differences between different time points (P ≤ 0.05).

Results {#sec015}
=======

The experimental infection showed no mortality or disease signs in gilthead seabream specimens, but reached 55% mortality in European sea bass ([Fig 1](#pone.0145131.g001){ref-type="fig"}).

![Nodavirus causes mortality and viral RNA is detected in the brain and testis.\
(A) Kaplan-Meier survival curves showing the proportion of European sea bass (black line) and gilthead seabream (grey line) survivors after intramuscular injection with 10^6^ TCID~50~ nodavirus/fish. (B) Transcript levels of the NNV genes, coding for polymerase (*RdRp*) and capsid (*CP*) proteins, analysed by real-time-PCR with TaqMan fluorogenic probes, in European sea bass brain after 1, 7 and 15 days of *in vivo* infection with NNV. Viral genes expression was never detected in mock-infected samples and is not shown. (C-F) Detection of RNA coding for the CP protein of NNV by *in situ* PCR (isPCR) in the testis of gilthead seabream (C,D) or European sea bass (E,F) after 15 days of *in vivo* infection with NNV. Control group (mock infected; C,E) and NNV group (10^6^ TCID~50~/fish; D,F). Germ cells (G) and somatic cells (arrow head) are labelled in gilthead seabream (D), while in the European sea bass, somatic cells, mainly the Sertoli cells located between germ cells were stained (F). Scale bars = 25 μm (C,D) or 15 μm (E,F).](pone.0145131.g001){#pone.0145131.g001}

NNV colonizes and replicates in the testis of gilthead seabream and European sea bass {#sec016}
-------------------------------------------------------------------------------------

All the techniques performed to detect NNV were firstly applied to control fish confirming that these fish were free of NNV (Figs [1](#pone.0145131.g001){ref-type="fig"} and [2](#pone.0145131.g002){ref-type="fig"} and Figure A in [S1 File](#pone.0145131.s001){ref-type="supplementary-material"}).

![The NNV proteins CP and B2 are detected in the testis of infected gilthead seabream specimens.\
(A-F) Immunocytochemistry in paraffin embedded sections of gilthead seabream testis of mock infected (Control; A,D) or NNV infected (10^6^ TCID~50~/fish) specimens (NNV; B,C,E,F) at day 15 using the anti-capsid (Ø233 antibody; 1:500; A,B,C) or the anti-B2 (Ø6073 antibody; 1:500; D,E,F) sera. Scale bars = 25 μm (A,B,D,E) and 100 μm (C,F). Infected cells are shown in dark red stain. The interstitial cells (white arrows) are located surrounding the tubules and the Sertoli cells (arrow heads) located inside the tubules and between the unstained germ cells (G).](pone.0145131.g002){#pone.0145131.g002}

In the testis and brain of gilthead seabream and European sea bass specimens experimentally infected *in vivo* with NNV were determined the transcription levels of the mRNA coding for the two main proteins of the virus, the RdRP and the CP proteins, using a specific probe for each, by TaqMan real-time PCR. Surprisingly, no transcripts of these genes were found in the testis of neither gilthead seabream nor European sea bass, neither in the gilthead seabream brain (data not shown). However, both were detected in the brain of European sea bass after 15 days of infection ([Fig 1A](#pone.0145131.g001){ref-type="fig"}).

The *cp* gene in the testis of gilthead seabream and European sea bass analysed by isPCR determined transcripts of this gene in the testicular cells of both species at 15 days post infection ([Fig 1B--1E](#pone.0145131.g001){ref-type="fig"} and [Table 2](#pone.0145131.t002){ref-type="table"}). Thus, the *cp* mRNA was found in somatic cells (black arrow head in [Fig 1D](#pone.0145131.g001){ref-type="fig"}) and germ cells (G in [Fig 1D](#pone.0145131.g001){ref-type="fig"}) in the testis of gilthead seabream ([Fig 1C](#pone.0145131.g001){ref-type="fig"}), while in European sea bass testis, the mRNA of the *cp* was localized only in somatic cells (black arrow head in [Fig 1E](#pone.0145131.g001){ref-type="fig"}), but not in germ cells (G in [Fig 1E](#pone.0145131.g001){ref-type="fig"}). After analysing by electrophoresis the liquid phase of each isPCR reaction, we found no amplicons, confirming that there is no diffusion of PCR products between cells (Figure B in [S1 File](#pone.0145131.s001){ref-type="supplementary-material"}).

10.1371/journal.pone.0145131.t002

###### The number of NNV positive fish/total number of fish analyzed.

The analyses were performed in the testis of fish with three different techniques upon 15 days of infection except for the data in bold that correspond to samples obtained upon 28 days of infection.

![](pone.0145131.t002){#pone.0145131.t002g}

  Detection technique   Gilthead seabream   European sea bass
  --------------------- ------------------- -------------------
  isPCR                 1/5                 3/5
  isPCR                 **4/5**             
  Immunocytochemistry   **3/5**             0/5
  Virus recovery        2/5                 1/5

Conventional light microscopy showed that at 15 days post infection, the testis of both species had normal morphology characteristic of the resting stage of the reproductive cycle, in which the tubules of the testis are only formed by Sertoli cells that enclosed germ cells \[[@pone.0145131.ref042]--[@pone.0145131.ref044]\]. Interestingly, using specific antibodies against CP ([Fig 2A, 2B and 2C](#pone.0145131.g002){ref-type="fig"}) and B2 ([Fig 2D, 2E and 2F](#pone.0145131.g002){ref-type="fig"}), both NNV proteins were localized in somatic cells of the testis. Taking into account the morphology of fish testis (For review on fish testicular morphology see \[[@pone.0145131.ref045]\]), we observed stained Sertoli cells, located inside the tubules and between non stained germ cells (black arrow heads in [Fig 2C and 2F](#pone.0145131.g002){ref-type="fig"}), and stained interstitial cells, located around the tubules (white arrows in [Fig 2B, 2C, 2E and 2F](#pone.0145131.g002){ref-type="fig"}) of the testis of gilthead seabream after 15 days of NNV infection ([Fig 2B, 2C, 2E and 2F](#pone.0145131.g002){ref-type="fig"} and [Table 2](#pone.0145131.t002){ref-type="table"}). However, none of these proteins were found in European sea bass testis (data not shown and [Table 2](#pone.0145131.t002){ref-type="table"}).

In order to confirm the presence of infective viral particles of NNV in the testis, the permissive E-11 cell line monolayers were incubated with testis homogenates from infected fish of both species. Although none of the inoculated monolayers developed extensive CPE after 10 days of inoculation, after a blind passage, partial CPE was observed in three cell cultures inoculated with three samples, two from gilthead seabream and one from European sea bass infected testis. The CPE was characterized by partial disintegration of the monolayer and rounded granular cells with vacuoles ([Fig 3](#pone.0145131.g003){ref-type="fig"} and [Table 2](#pone.0145131.t002){ref-type="table"}). The identity of isolates was confirmed by real-time PCR (data not shown and [Table 2](#pone.0145131.t002){ref-type="table"}). These data determine that NNV reached the testis and probably maintained very low expression levels of its proteins.

![Recovery of infective particles of NNV from testis of gilthead seabream and European sea bass.\
(A-B) Cytopathic effect (CPE, arrow) in a monolayer of E-11 cells inoculated with testis homogenates from control (A) or infected (B) specimens after 15 days of *in vivo* infection with NNV. Scale bars = 100 μm (A,B).](pone.0145131.g003){#pone.0145131.g003}

NNV triggers immune response in the testis and brain of European sea bass but not in gilthead seabream {#sec017}
------------------------------------------------------------------------------------------------------

Once we knew that the NNV colonized and/or replicated in the testis and brain of gilthead seabream and European sea bass, we studied the pattern of expression of pro-inflammatory cytokines *tnfa*, *il6* and *il1b* and T and B lymphocyte markers (*tcrb* and *igmh*, respectively) genes in both tissues and species upon *in vivo* infection and in the testis upon *in vitro* infection ([Fig 4](#pone.0145131.g004){ref-type="fig"}) and found that, in gilthead seabream ([Fig 4A--4E](#pone.0145131.g004){ref-type="fig"}), all the cytokine genes were unchanged in the testis ([Fig 4A--4E](#pone.0145131.g004){ref-type="fig"}), whilst in the brain, the *tnfa* and *il1b* gene expression was down-regulated after 7 days of infection ([Fig 4A and 4C](#pone.0145131.g004){ref-type="fig"}) and the *il6* gene expression was increased after 15 days of infection ([Fig 4B](#pone.0145131.g004){ref-type="fig"}). Regarding the lymphocyte markers, the *tcrb* gene was down-regulated from day 7 onwards in the testis and up-regulated at day 15 in the brain ([Fig 4D](#pone.0145131.g004){ref-type="fig"}). Similarly, the *igmh* gene expression was down-regulated at day 7 in the testis and up-regulated at day 1 and 15 in the brain ([Fig 4E](#pone.0145131.g004){ref-type="fig"}). When the testis was *in vitro* challenged with NNV or poly I:C the expression levels of all these genes were down-regulated (*il6*, *il1b*, *igmh*) or unchanged (*tnfa*, *tcrb*) ([Fig 4F](#pone.0145131.g004){ref-type="fig"}).

![NNV triggers immune responses in the tesis and brain of European sea bass but not in gilthead seabream.\
(A-E) Transcription of *tnfa* (A), *il6* (B), *il1b* (C), *tcrb* (D) and *igmh* (E) genes in the testis and brain of gilthead seabream and European sea bass, after 1, 7 and 15 days of *in vivo*. (F) Transcription of *tnfa*, *il6*, *il1b*, *tcr* and *igmh* genes after 24 hours of *in vitro* infection with NNV. Data represent the mean ± standard error of the mean (n = 5/group and time). Significance level (P) was fixed at 0.1 (P≤0.1\*; P≤0.05\*\*; P≤0.01\*\*\*). ND, not detected.](pone.0145131.g004){#pone.0145131.g004}

In contrast, in the European sea bass upon *in vivo* infection ([Fig 4A--4E](#pone.0145131.g004){ref-type="fig"}), all the cytokine genes analysed, were up-regulated at least at one time point in the testis ([Fig 4A--4E](#pone.0145131.g004){ref-type="fig"}). In the brain, however, the *tnfa* gene expression was down-regulated at day 1 and up-regulated from day 7 onwards ([Fig 4A](#pone.0145131.g004){ref-type="fig"}) and the *il6* gene expression was completely blocked at days 1 and 7 and up-regulated at day 15 ([Fig 4B](#pone.0145131.g004){ref-type="fig"}). Finally, the *il1b* gene expression was up-regulated after 1 and 15 days of infection ([Fig 4C](#pone.0145131.g004){ref-type="fig"}). Regarding the lymphocyte marker genes, the *tcrb* transcription levels were only up-regulated at day 15 in the brain and kept unmodified in the testis ([Fig 4D](#pone.0145131.g004){ref-type="fig"}), while the *igmh* transcription levels were up-regulated at day 7 in the testis and down and up-regulated at day 1 and 15 in the brain, respectively ([Fig 4E](#pone.0145131.g004){ref-type="fig"}). None of these genes were modified in the testis upon an *in vitro* challenge with NNV or poly I:C ([Fig 4F](#pone.0145131.g004){ref-type="fig"}).

NNV alters steroidogenesis and sex steroid hormones in the testis of gilthead seabream and European sea bass {#sec018}
------------------------------------------------------------------------------------------------------------

As an index of the reproductive stage, we analyzed the GSI and the E~2~ and 11KT serum levels ([Fig 5](#pone.0145131.g005){ref-type="fig"}) and found that in the gilthead seabream, the GSI was increased after 15 days of NNV infection ([Fig 5A](#pone.0145131.g005){ref-type="fig"}), while in the European sea bass no changes were observed ([Fig 5B](#pone.0145131.g005){ref-type="fig"}). Regarding the hormonal levels in serum ([Fig 5C--5F](#pone.0145131.g005){ref-type="fig"}), in gilthead seabream, NNV induced a high increment in E~2~ serum levels after 1 and 7 days of infection ([Fig 5C](#pone.0145131.g005){ref-type="fig"}), whereas in European sea bass E~2~ serum levels were not modified compared to controls ([Fig 5D](#pone.0145131.g005){ref-type="fig"}). On the other hand, the 11KT levels in gilthead seabream serum were strongly decreased at day 1 and 7 and increased at day 15 upon infection ([Fig 5E](#pone.0145131.g005){ref-type="fig"}), while in European sea bass, 11KT serum level was only decreased at 1 day of infection ([Fig 5F](#pone.0145131.g005){ref-type="fig"}). Interestingly as the infection progressed an increment in the serum level of E~2~ and 11KT were observed in gilthead seabream ([Fig 5C and 5E](#pone.0145131.g005){ref-type="fig"}) but not in European sea bass, where the E~2~ serum levels decrease throughout the infection period ([Fig 5F](#pone.0145131.g005){ref-type="fig"}).

![NNV alters sex steroid hormones in gilthead seabream and sea bass.\
(A-B) Gonadosomatic index **(**GSI) in gilthead seabream (A) and European sea bass (B) after 1, 7 and 15 days of *in vivo* infection with NNV. (C-F) Sex steroid serum levels of 17β-estradiol (E~2~; C,D), and 11-ketotestosterone (11KT; E,F) in gilthead seabream (C,E) and European sea bass (D,F) after 1, 7 and 15 days of *in vivo* infection with NNV. Control group (mock infected) and NNV group (10^6^ TCID~50~/fish). Data represent the mean ± standard error of the mean (n = 5/group and time). Significance level (P) was fixed at 0.1 (P≤0.1\*; P≤0.01\*\*\*). Letters denote statistically significant differences within the infected group over time (P≤0.05).](pone.0145131.g005){#pone.0145131.g005}

In order to determine whether the NNV infection or the changes in the sex-steroid hormone levels detected in gilthead seabream serum affects the functionality of the testis, we next analysed the expression of some reproduction-related genes in the testis. Firstly, *dmrt1* gene expression, a marker of male function in the gilthead seabream testis \[[@pone.0145131.ref044]\], was slightly down-regulated at day 15 upon infection ([Fig 6A](#pone.0145131.g006){ref-type="fig"}). Secondly, the expression of genes coding for aromatase (*cyp19a1a*) and 11β-hydroxilase (*cyp11b1*), the enzymes involved in E~2~ and 11KT production, respectively; and several E~2~ nuclear receptors (*era*, *erb1* and *erb2*) were differently regulated. The *cyp19a1a* expression was up-regulated at 1 day post infection ([Fig 6B](#pone.0145131.g006){ref-type="fig"}), whilst the *cyp11b1* expression was unchanged ([Fig 6C](#pone.0145131.g006){ref-type="fig"}). On the other hand, all estrogen nuclear receptor genes were down-regulated at different time points ([Fig 6D, 6E and 6F](#pone.0145131.g006){ref-type="fig"}). As the E~2~ regulated the reproductive behaviour of fish through signalling by its receptor in the brain, the target tissue of the NNV, we also analyzed the expression of *era* in this tissue ([Fig 6G](#pone.0145131.g006){ref-type="fig"}), and found that *era* transcript levels were increased at day 1 and decreased at day 7 ([Fig 6G](#pone.0145131.g006){ref-type="fig"}), whereas *erb1* and *erb2* gene expressions were undetected in the brain of both controls and infected fish samples (data not shown). Interestingly, when the expression pattern of these genes was analysed in the testis upon *in vitro* challenge with NNV or poly I:C, we found that NNV up-regulated the *cyp11b1* and down-regulated the *erb1* gene expression, while poly I:C up-regulated the *cyp11b1* and down-regulated the *cyp19a1a*, *erb1* and *erb2* gene expression.

![NNV alters the expression of some reproductive and steroidogenic relevant genes in gilthead seabream testis.\
(A-F) Transcription of *dmrt1* (A), *cyp19a1a* (B), *cyp11b1* (C), *era* (D), *erb1* (E) and *erb2* (F) in the testis of gilthead seabream after 1, 7 and 15 days of *in vivo* infection with NNV. (G)Transcription of *era* in the brain of gilthead seabream after 1, 7 and 15 days of *in vivo* infection with NNV. (H-I) Transcription levels of *dmrt1*, *cyp19a1a*, *cyp11b1*, *era*, *erb1* and *erb2* after 24 hours of *in vitro* infection with NNV. Data represent the mean ± standard error of the mean (n = 5/group and time). Significance level (P) was fixed at 0.1 (P≤0.1\*; P≤0.05\*\*; P≤0.01\*\*\*).](pone.0145131.g006){#pone.0145131.g006}

Regarding the European sea bass, we found that the steroidogenic enzymes and hormonal receptor genes analysed were also altered upon *in vivo* infection with NNV in the testis and the brain. Thus, the expression of *cyp11b1* was up-regulated at day 7 and *erb1* and *erb2* genes at day 1 and 7, respectively, while the three genes were down-regulated at day 15 of infection ([Fig 7A, 7B and 7C](#pone.0145131.g007){ref-type="fig"}). The *cyp19a1* gene expression was undetectable in both control and infected specimens (data not shown). However, in the brain, nodavirus modify the expression pattern of *cyp19a2*, the neural aromatase, which was down-regulated at day 1 and up-regulated at day 7 post infection ([Fig 7D](#pone.0145131.g007){ref-type="fig"}). Otherwise, *erb1* and *erb2* transcription was decreased after 1 and 7 days of infection ([Fig 7E and 7F](#pone.0145131.g007){ref-type="fig"}). In addition, NNV infection completely blocked the expression of the *erb1* gene after 15 days of infection, when *erb2* gene expression was up-regulated ([Fig 7E and 7F](#pone.0145131.g007){ref-type="fig"}).

![NNV alters the expression of some reproductive and steroidogenic relevant genes in European sea bass testis.\
(A-C) Transcription of *cyp11b1* (A), *erb1* (B) and *erb2* (C) in the testis of European sea bass after 1, 7 and 15 days of *in vivo* infection with NNV. (D-F) Transcripion of *cyp19a2* (D), *erb1* (E) and *erb2* (F) in the brain of European sea bass after 1, 7 and 15 days of *in vivo* infection with NNV. (G)Transcripion of *cyp11b1*, *erb1* and *erb2* after 24 hours of *in vitro* infection with NNV. Data represent the mean ± standard error of the mean (n = 5/group and time). Significance level (P) was fixed at 0.1 (P≤0.1\*; P≤0.05\*\*; P≤0.01\*\*\*). ND, not detected.](pone.0145131.g007){#pone.0145131.g007}

Finally, in the testis of European sea bass challenged *in vitro* with NNV and poly I:C ([Fig 7G](#pone.0145131.g007){ref-type="fig"}), the *cyp19a1* gene expression was undetectable even in the control fish (data not shown), whereas the expression of *cyp11b1* gene was down-regulated upon poly I:C exposure. Interestingly, the transcription of the genes coding for both estrogen receptors, *erb1* and *erb2*, was up-regulated upon NNV challenge.

Discussion {#sec019}
==========

NNV is a single stranded RNA virus which causes VER disease and provokes high mortality rates in several Mediterranean fish species \[[@pone.0145131.ref001]\]. European sea bass is one of the most susceptible species to this disease and undergoes high mortalities at larvae and juvenile stages \[[@pone.0145131.ref011], [@pone.0145131.ref012]\]. However, other species such as gilthead seabream have been considered to be an asymptomatic carrier, although recent outbreaks of VER disease resulting in high mortalities have threatened this species too \[[@pone.0145131.ref014], [@pone.0145131.ref046]\]. NNV is a known vertically transmitted pathogen \[[@pone.0145131.ref001], [@pone.0145131.ref018]\]. The knowledge about the ability of NNV to colonize and evade the immune response in the gonad represents the initial step to understand how pathogens are vertically transmitted to the progeny and also potentially improve and develop new strategies to prevent NNV infections. In this study, and for the first time, we demonstrate that NNV colonizes and replicates into the testis of gilthead seabream and European sea bass males, although its level of gene expression is very low and not easily detected by conventional or even real-time PCR methodologies. However, we localized the expression of the *cp* gene using *in situ* PCR as previously described on grouper embryos \[[@pone.0145131.ref018]\]. Thus, we localize the NNV *cp* RNA on Sertoli cells in the testis of both species, and on tunica albuginea's and germ cells in the gilthead seabream testis. These results suggest that NNV could be spread into the germ cells of gilthead seabream and within the gonadal fluid of both species. However, as Sertoli cells are intimately associated to germ cells in fish \[[@pone.0145131.ref045]\], the shed of the virus into European sea bass germ cells cannot be discarded. Regarding viral proteins, we also immuno-detected the CP and B2 proteins in the Sertoli and/or interstitial cells of gilthead seabream testis. Interestingly, B2 protein production is only detected when the virus is performing an active infection instead of a persistent one \[[@pone.0145131.ref010]\]. In contrast to gilthead seabream, no proteins were detected in the testis of European sea bass; however we cannot discard very low rates of viral protein production in this specie. In fact, viral infected particles seems to be present in the testis of both species as we succeeded to recover the virus after one blind passage in a permissive cell line inoculated with testis homogenates from infected specimens of both species. Therefore, the lack of immunoreactivity with the anti-NNV sera could be due to the very low amount of NNV infective particles together with very low levels of gene transcription. Our data also exclude the possibility of blood contamination since the testis was rid of blood in most of the blood vessels, as observed in the histology samples, and the *in situ* PCR and immunocytochemistry techniques never showed viral mRNA or protein staining in blood vessels or cells (data not shown).

Other viruses have also demonstrated to colonize the testis, such as VHSV and IPNV in the rainbow trout and showed different replicating capacity and in turn they elicited a different immune response \[[@pone.0145131.ref026]\]. Interestingly, upon *in vivo* infection, IPNV did not trigger an effective immune response, which was triggered upon *in vitro* infection, so some extragonadal factors might block the immune response in the gonad improving the transmission of the virus \[[@pone.0145131.ref026]\]. NNV, however, triggered in the gilthead seabream testis a slight down-regulation of *tcrb* and *igmh* genes upon *in vivo* infection and of *il6* and *il1b* genes upon *in vitro* infection, whilst in the testis of European sea bass we observed up-regulations of the pro-inflammatory cytokine and *igmh* gene expressions upon *in vivo* infection and no changes upon *in vitro* infection. In fact, the same pattern in the testis expression of others immune-related genes, including antimicrobial peptides (AMPs) \[[@pone.0145131.ref047]\] and interferon (IFN) response \[[@pone.0145131.ref048]\], of both species was observed. Thus, the AMPs and IFN transcription is unaltered or inhibited in gilthead seabream testis, while in the European sea bass testis most of those genes are up-regulated upon *in vivo* and *in vitro* infections \[[@pone.0145131.ref047], [@pone.0145131.ref048]\]. Interestingly, in the gilthead seabream brain and head-kidney upon *in vivo* infection with NNV, the phagocytosis, the cell-mediated cytotoxic activity and the *mx* transcription *s*tarted very early upon the infection and stayed at high up to 15 days, while in the European sea bass brain these activities and the *mx* transcription was up-regulated at day 1 upon infection and quickly decreased to control levels \[[@pone.0145131.ref049]\]. Furthermore, our data showed that the pro-inflammatory cytokines are much more up-regulated in the European sea bass brain upon infection than in gilthead seabream. All these data, taken together, suggest that while gilthead seabream overcome the NNV infection and remove the virus from the brain probably due to a successful anti-viral immune response with little inflammatory consequences, the European sea bass fail to do so and the inflammatory response is up-regulated and probably produce high cell damage (\[[@pone.0145131.ref049]\] and this study data). Moreover, in the testis of gilthead seabream the immune response is tightly controlled and the virus succeeds to be transmitted as suggested by greater detection of NNV at gene, protein and infective particle levels. However, in the European sea bass, as the infection proceeds, the reproductive process become less important and the immune response try to keep the specimen alive, even when the tissue will be damaged, so the inflammatory response increases into the testis, together with the AMP and IFN responses, and could be the reason to the very low and limited detection of NNV. Interestingly, other studies described that NNV increased the number of cytotoxic T lymphocytes in the blood and up-regulates the expression of CD8α gene in groupers \[[@pone.0145131.ref050]\]. Similarly to what happened with the anti-viral immune response and the pro-inflammatory cytokines expression, the *tcrb* and *igmh* gene expression is up-regulated in the brain of gilthead seabream and down-regulated in the testis, while in the European sea bass only the *tcrb* is up-regulated in the brain upon 15 days of infection. Regarding the *igmh* transcription in European sea bass tissues, we observed a decrease at day 1 and an increase at day 15 in the brain, while in the testis this gene expression was up-regulated at day 7.

Several pathogen infections change the sex steroid hormone levels of the infected specimens \[[@pone.0145131.ref031], [@pone.0145131.ref032]\]. Curiously, low levels of E~2~ and high levels of testosterone (T) have been related with the progression of vibriosis symptoms \[[@pone.0145131.ref031]\]. Our data support this hypothesis as the E~2~ serum levels decreased as the infection proceeds only in the European sea bass, which showed mortality during the infection and displayed an earlier but less effective immune response in the brain \[[@pone.0145131.ref049]\]. In contrast, in the gilthead seabream, the E~2~ serum levels increased as the infection progressed. Moreover, in the last years, it has been described in the gilthead seabream that estrogens regulated the inflammatory immune response through endothelial cells and macrophage activation and increased leucocytes recruitment in the testis \[[@pone.0145131.ref051]--[@pone.0145131.ref054]\]. Furthermore, androgens such as testosterone also induced the recruitment of acidophilic granulocytes and IgM-positive cells in the testis of gilthead seabream and modulated *in vitro* the activity of gilthead seabream phagocytes and their sensitivity to pathogens \[[@pone.0145131.ref055], [@pone.0145131.ref056]\]. On the other hand, increases on E~2~ and T serum levels in the gilthead seabream, increased the complement and peroxidase activities at different time points although unmodified or decreased other humoral immune responses such as anti-protease activity and IgM serum levels \[[@pone.0145131.ref057]\]. Our data showed that NNV infection induced a strong increase on E~2~ serum levels at the beginning of the infection, whilst the serum levels of 11KT were decreased at these time points and increased at day 15. Taking into account that a certain increase in E~2~ serum levels stimulates the immune response in the gilthead seabream, this data also supports the ability of this species to fight against the NNV infection and overcome the disease.

In mammals, E~2~ regulates the inflammatory response as two-edges-sword, triggering stimulation or inhibition of this response depending on several parameters such as the immune stimulus, the tissue involved, the concentration of E~2~, the expression of estrogen receptors and so on \[[@pone.0145131.ref058]\]. Similarly, in fish, controversial data about the ability of sex steroid hormones to modulate the immune response has been published upon exogenous administration of several sex steroid hormones in several fish species \[[@pone.0145131.ref029], [@pone.0145131.ref057], [@pone.0145131.ref059]\]. We therefore studied the expression of some genes coding for some steroidogenic enzymes (*cyp11b1* and c*yp19a1a* and *cyp19a2*) and estrogen receptors (*era*, *erb1* and *erb2*) in the testis, the main organ that synthesizes biologically active steroids *de novo* \[[@pone.0145131.ref060]\], and brain, as the brain is the main target tissue of the virus, of both species upon *in vivo* infection and in the testis upon *in vitro* infection. Our data showed that in the gilthead seabream testis, the expression of the *cyp19a1a* gene that coded for the aromatase enzyme that transforms T to E~2~, was increased, coinciding with an increase on the E~2~ serum level. The expression of this gene was undetected in the European sea bass testis, and therefore the E~2~ serum levels decreased. However, the sensitivity of the gilthead seabream testis to E~2~ is decreased as the expression of the *era* at day 15 and of *erb1* and *erb2* at day 1 decreased after infection. On the other hand, we analysed the sensitivity of E~2~ and the local E~2~ production in the brain as locally produced E~2~ in the brain regulated important biological functions including reproduction and neuroprotection \[[@pone.0145131.ref061]\] and the brain is the main target tissue of the virus. Thus, we found that the expression of *era* in the brain increased at day 1 and decreased at day 7 upon infection whilst neither *erb1* nor *erb2* were detected. This is not surprising as, it has been suggested that the expression of *er* genes is not detected in some areas of the brain probably because its expression is very low \[[@pone.0145131.ref062]\]. In contrast to gilthead seabream brain, in European sea bass brain, the expression of the gene coding for the neural aromatase (*cyp19a2*), *erb1* and *erb2* were differently regulated. Regarding androgens, NNV decreases the 11KT serum levels of gilthead seabream without affecting, in the testis, the expression of the *cyp11b1* gene; that coded for the key enzyme in the transformation of T to 11KT in the testis. Although the testis is the main steroidogenic tissue, other tissues can synthesize 11KT or transform T to 11KT \[[@pone.0145131.ref063]\] producing the increase of serum 11KT observed upon NNV infection. Neither 11KT nor *cyp11b1* transcription has been detected in the brain of teleosts \[[@pone.0145131.ref062]\]. Regarding testicular functionality, the changes observed on sex steroid hormones levels and steroidogenic enzymes and estrogen receptor gene transcriptions seems not to be disrupted for the gilthead seabream testis as the GSI was increased and the *dmrt1* gene expression was slightly decreased upon 15 days of infection. However, the *dmrt1* transcription levels were not as low as needed to produce testicular disruption in gilthead seabream males \[[@pone.0145131.ref035]\]. Interestingly, the changes observed on the expression of all these genes in the testis of both species upon *in vitro* infection with NNV are different to those observed *in vivo* in most of the cases. This suggests that the changes in other tissues due to NNV infection; modifies the gonadal response upon infection.

Conclusions {#sec020}
===========

In conclusion, we have proved for the first time the ability of NNV to colonise the male testis of gilthead seabream and European sea bass and produce infective particles by means of *in situ* PCR, immunocytochemistry and cell culture. However, the response to the virus in both species is very different. In addition, NNV triggers the inflammatory immune response in the testis of European sea bass whilst seems to be overlooked in the gilthead seabream testis. This also applies to other immune responses, as AMPs or IFN production, previously studied, which could account for the higher presence of NNV in the seabream testis. Furthermore, we had also determined whether NNV is able to modulate the reproductive system to improve its transmission and could demonstrated that NNV alters E~2~ and 11KT production and the sensitivity of brain and testis to these hormones. Whether this is occurs due to changes in the fish physiological abilities to modulate the immune response or by NNV to improve its ability to replicate and be transmitted is still undetermined and further studies will be needed to understand these mechanisms. Apparently, according to the GSI and *dmrt1* expression levels, there is no disruption of testicular functions upon infection, which could favour the shedding and dissemination of the NNV to the water and/or the surrounding animals.

Supporting Information {#sec021}
======================

###### (Figure A) Transcription of the NNV capsid (*cp*) gene in European sea bass brain from control (C) and infected (I) fish at 15 days of *in vivo* infection with NNV. M, 100-bp ladder; lanes 1--2, control fish; lines 3--5, infected fish; line 6, negative control of the PCR; and line 7, purified NNV genome. (Figure B)The *in situ* PCR products do not diffuse to the aqueous phase.

The liquid phase of each isPCR was run in a 2% agarose gel and showed no amplicons. M, 100-bp ladder; lanes 1--9 correspond to different samples and the bands to primers.

(TIF)

###### 

Click here for additional data file.

Elena Chaves-Pozo thanks the *Ministerio de Economía y Competitividad* for her Ramón y Cajal's research contract and Yulema Valero thanks the *Instituto Español de Ocenaografía* for her PhD grant. This work was supported by grants of the *Ministerio de Economía y Competitividad* (AGL2010-20801-C02-01, AGL2010-20801-C02-02, AGL2013-43588-P) and Fundación Séneca (*Grupo de Excelencia de la Región de Murcia* 04538/GERM/06) and partially by Grant EM2012/005 from Xunta de Galicia. Nodavirus strain and SSN-1 cells were kindly donated by Pilar Fernández Somalo (*Laboratorio Central de Veterinaria de Algete*, *Ministerio de Medio Ambiente*, *Rural y Marino*). We thank Ingrid U.Fiksdal for the inmunocytochemical analysis.

[^1]: **Competing Interests:**The authors have declared that no competing interest exist.

[^2]: Conceived and designed the experiments: ECP AC YV. Performed the experiments: YV MA JGO SP. Analyzed the data: IB SP ECP AC MAE YV. Contributed reagents/materials/analysis tools: ECP AC IB MAE MA SP. Wrote the paper: IB SP ECP AC MAE YV.
